Raw sophorolipids, a variety of bioderived glycolipid biosurfactants produced by the yeast Candida bombicola, generally present themselves as a mixture of acetylated acidic and lactonic forms mixed with residual fatty acids. To recover the acidic form alone in large amounts, e.g. tens of grams, which is interesting for various applications in cleaning technologies, material science, medicine, one must either purify the mixture through column chromatography, thus tremendously reducing the final yield, or remove the fatty acids via hot hexane extraction followed by alkaline hydrolysis and a liquid-liquid extraction process; in the latter, pentanol, used as extraction medium, is a high boiling point solvent and, consequently, difficult to remove under standard vacuum extraction conditions. Here, we compare, quantify and draw the positive and negative aspects of the typical hexane/pentanol extraction route compared to two additional ones, never reported for this system: a cold extraction from a pentanol/alcane mixture and a consecutive filtration on inverse C18modified silica phase and silica gel in, respectively, water/acetonitrile and methanol/CH2Cl2 mixtures. The first one generates highly pure products but quantitative extraction is quite long
(up to several days) while the second is an extremely handy and rapid (few hours) way but it is less quantitative and it provides a product with not less than 6% impurities.
Introduction
The emerging field of bio-based surfactants has been intensively studied in the past 20 years 1 in agreement with the 12 principles of green chemistry. Glycolipids are surface active agents composed of a hydrophilic carbohydrate-based head linked to a fatty acid or a fatty alcohol through an ester, an amide or an ether bond. 2 They already replace, and/or are destined to massively replace, classical surfactant families like alkylsulfates or alkylammonium in home and personal care products. For these reasons, their physicochemical properties have been studied in the past 15 years. Effect of molecular structure (e.g., chain length, number of sugar units), concentration, use of co-solvents (short-chain alcohol, for instance), co-surfactants on the critical micelle concentration (cmc), surface tension, rheology, cleaning power but also self-assembly and mesophase formation have shown particular perspectives for many of these compounds. [2] [3] [4] These molecules are generally synthesized via several chemical strategies, reviewed by von Rybinski, from renewable compounds like fatty acids and sugars. In term of their cost, they are still more expensive in their pure form with respect to classical surfactants. For instance, commercial alkylpolyglucosides (APG) are actually sold as formulations presenting either a non-constant number of glucose units or mixtures of at least two different chain lengths.
In this context, various authors have shown the interest of a specific class of biosurfactants, sophorolipids (Figure 1 ), a family of entirely bio-derived glycolipids. These natural compounds can be obtained in large amounts by yeast culture in presence of several carbon sources, like glucose, fatty acids but even alkanes and waxes. [5] [6] [7] [8] Due to their reduced environmental impact biosynthesis, confirmed by a recent life cycle analysis study, 9 sophorolipids (SL) have attracted a fair attention in various fields: skin-care industry, [10] [11] [12] anticancer, 13 structure-directing agents and self-assembly properties. 8, 14, 15, 16, 17 Raw sophorolipids are a mixture of two forms, lactonic and acidic, having different degrees of acetylation. Nevertheless, the acidic non-acetylated form of sophorolipids has gained much interest and has been exploited in most of the above-cited studies. For this reason, it becomes quite important to obtain acidic sophorolipids (SL-COOH) from the raw mixture.
Unfortunately, at the moment, the development of a full microbial approach to accomplish such a task is still a matter of ongoing studies in biotechnology-specific laboratories. A modified strain producing non-acetylated sophorolipids has been created, but the synthesized molecules are still a mixture of acidic and lactonic forms and yield is much as less as compared to the wild type. 18 Recently, a strain producing solely acidic sophorolipids was constructed and attempts to combine both features in one strain are still ongoing. The common strategy to obtain non-acetylated acidic sophorolipids exists in the application of chemical conversion and purification procedures to the raw mixture of sophorolipids, which mainly consists into: 1) hexane washing to remove residual fatty acids; 2) alkaline hydrolysis at about 100°C followed by acidification; these steps remove all ester groups and are responsible for the production of acetic acid and salt; 3) 1-pentanol extraction, which allows the recover of the SL-COOH, leaving salts and acetic acid in the water phase; 4) silica column purification, typically using methanol/dichloromethane as eluent.
This procedure, even if efficient in obtaining a pure acidic SL-COOH compound, has many drawbacks, listed hereafter. 1) Alkaline hydrolysis can lead to parasite reactions that add impurities to the final compound; 2) 1-pentanol extraction is a tedious step because of its high boiling point (137-139 °C), making its removal under vacuum a delicate, potentially time-consuming, task, not exempt of parasite esterification reactions between pentanol itself and the COOH group of SL-COOH; 3) silica column purification is a complicated operation for large amounts of product and require good practical knowledge in organic chemistry.
Significant loss of product can be experienced on the column due to strong attractions between silanols and sugars.
For these reasons, we propose in this work to review the purification of acidic sophorolipids. We compare the classical "pentanol route", for which we provide more experimental details hard to find in the current litterature, to two alternative ones never proposed before for this system: a cold precipitation, referred to a as a "modified pentanol extraction", and a "double silica filtration", both more adapted to work with large amounts of product. In the latest method, hydrophilic and hydrophobic impurities are retained on, respectively, chromatographic SiO2 and inversed-SiO2 (SiO2-C18) substrates and for which no pentanol is used at all. Finally, we compare the advantages and inconvenients for each route, also providing the final yields. In the end, the goal of this work is to provide the opportunity to choose between more than one route so to optimize effort, experimental time, yields and level of impurities. Further development of any of these routes could eventually be of interest to develop a scale-up purification process.
Experimental
Sophorolipids mixture was obtained from Sopholiance (France). This product is certified with 54.6 w% of dry matter, estimated by Mass Spectroscopy and where about 10 w% of the dry compound is constituted by residual fatty acids, indicating that the sophorolipid mixture constitutes a little less than 50 w% of the overall product. 1 H solution NMR spectra were acquired on a Bruker AV300 Ultrashielded© Avance spectrometer equipped with a 5mm (1H/BBF) BBO probe with Z-axis gradient using a standard 30° flip angle.
HPLC analysis was performed on a Varian Prostar HPLC system using a Chromolith
Performance RP-18e 100-4.6mm column from Merck KGaA at 30°C and Evaporative Light Scattering Detection (Alltech). A gradient of two eluents, a 0.5% acetic acid aqueous solution and acetonitrile, had to be used to separate the components. The gradient started at 5% acetonitrile and linearly increased till 95% in 40 min. The mixture was held this way for 10 min and was then brought back to 5% acetonitrile in 5 min. A flow rate of 1 mL/min was applied.
Solvent extraction was done on a Büchi Rotavapor® R-210/R-215, equipped with a digital controller V-850, heating bath B-491, vacuum pump V-700 and closed-circuit chiller F-105. Silica gel 60 (0.015-0.040 mm) for column chromatography was obtained from Merck and C18-grafted silica powder 40-60 µm (Vrac-C18-500) was obtained from AIT France.
Results and discussion
The complexity of a sophorolipid mixture is well-known and, at the moment, impossible to avoid. This is merely a result of the expected variation one tends to observe in (complex/nonspecific) biosynthetic systems. A typical mixture can contain various impurities (mainly residual fatty acids) but it is also characterized by a mixture of different sophorolipids with slightly different chain lengths (C16, C18) and saturated/unsaturated double bonds. By far, the most abundant species (60 % -80 %, according to the origin), which we refer to as SL, is the C18:1, shown in Figure 1 . All purification steps performed in this work are not meant in any way to separate sophorolipids molecules with different structural features but only non-SL impurities, which will be detailed below. -δ= 0.92 ppm, typical of a CH3 group in an aliphatic chain, here attributed to residual fatty acids. This impurity is easy to recognize and distinguish from SL because the chemical shift corresponding to same group in SL is slightly unshielded.
-δ= 1.96 ppm, typical of the CH3 group of free acetic acid, derived from acetate in the raw sophorolipids. This resonance is easy to attribute because of its sharpness.
-6.30 < δ < 5.70, unknown impurities N°1, derived from overheating issues -δ= 8.51 ppm, unknown impurity N° 2, derived from overheating issues The 9-5 ppm portion of the spectrum belonging to the raw mixture before hydrolysis is shown in the same figure for comparison, indicating the absence of any signal in this region. These resonances are the typical consequence of a poorly controlled hydrolysis reaction and are presented here on purpose, mainly for didactical purposes. The nature and way to remove these impurities, which are responsible for the dark brown/black colour of the mixture, will be discussed later and can be avoided by simply keeping the reaction temperature below 90°C, as commented before. Method 1: Classic pentanol extraction. The hexane washing combined with pentanol extraction, followed by silica column chromatography purification, was described before by several authors. 5, 19 Unfortunately, very little specific information is available on this procedure, which has more than one inconvenience. First of all, pentanol is a difficult solvent to remove under vacuum, an operation which can take from hours to days according to the quantities and the type of apparatus employed for the task. In fact, removal of pentanol using low heating (T≤ 45°C) can be done with a cooled serpentine refrigerated below T= 6°C and vacuum pressure below 10 mbar. These operating conditions are probably common for organic-chemistry laboratories but they are definitely not generalizable for an average, non-organic related, environment. When removal is done in the absence of a cooled serpentine, one must work with a standard water supply, of which the temperature does not fall below 15-18 °C. To achieve complete solvent removal one can either raise the bath temperature up to 60-70 °C, thus inducing the risk of esterification between pentanol and the sophorolipid COOH group, or work under very low vacuum conditions (below 1 mbar) at room temperature, which requires the use of a liquid nitrogen trap to condense the pentanol vapours. Even if a combination of both approaches can provide good results, the whole approach is time-consuming followed by many safety issues (potential glassware explosion, use of cryogenic fluids, long extraction time, etc.).
The best adapted experimental details for this purification procedure are given here. The pentanol/water phase transfer can be done on the previously hydrolyzed mixture using 5 x 100 mL portions of pentanol in a separatory funnel. Once all fractions are collected, one should take care of removing exceeding water using a pipette or magnesium sulfate. As for pentanol extraction, one can set a 47°C water bath and a cooling system at 6°C. Vacuum pressure should be slowly lowered from 80 mbar to 8-10 mbar to initially remove residual water, then acetic acid and finally pentanol over 2-4 hours. The residual product has the aspect of a viscous brown/dark brown (large impurities) oily phase or a pale yellow/grey dried powder (low impurities). The main impurities are residual fatty acids, structural water and eventual oxidized compounds, mentioned previously. The eventual brownish colour depends on watersoluble species; so, if water is carefully removed before vacuum extraction, these should not be recovered in the end. On the contrary, fatty acids can only be removed by alcane (generally, hexane) washing. This procedure can take place either before, as previously suggested, alkaline hydrolysis on the raw product or after pentanol extraction, once a powder is obtained, using Soxhlet extraction, as we actually suggest here. Soxhlet extraction works in a closed circuit, thus allows solvent economy and efficient fatty acid removal, as well as all other organic impurities. An additional advantage of Soxhlet extraction concerns the removal of residual pentanol, which can contaminate the system. This is shown in Figure 3 . The spectrum before pentanol extraction refers to a hydrolized acidic SL product which was actually initially washed with hexane. Three types of impurities can be found: residual fatty acids (δ= 0.92), acetic acid (δ= 1.96) and the above mentioned spurious impurities between 9 and 5 ppm. Clearly, a hexane washing prior to alkaline hydrolysis is not enough to remove residual hydrophobic compounds. Upon pentanol extraction, only the resonances at 8.51 ppm and 1.96 ppm are filtered out, showing that the impurity at 8.51 ppm is also related to a hydrophilic compound. At this stage, the peak at δ= 0.92 is still present. One should note that residual pentanol can also be observed at this resonance. Finally, Soxhlet extraction removes all hydrophobic compounds (fatty acids and eventual residual pentanol) marking the spectrum at δ= 0.92 but also those impurities resonating between 6.30 ppm and 5.70 ppm. Eventually, the positive point of using this route is the possibility to treat fairly large amounts of matter (here 20 g but this can definitely be increased) with good yields (above 80 w% with respect to the initial mass of raw sophorolipids). In terms of final purity, the result is more than satisfactory. All hydrophilic compounds (acetic acid, hydrophilic impurities) are efficiently removed, provided that bulk water is removed as well. The level of hydrophobic compounds can be safely kept below 5 mol%, as estimated by 1 H NMR, especially if Soxhlet treatment is performed and if the final powder is heated under strong vacuum.
The main drawback for this route is the absolute need of a performing, well-designed, vacuum rotavapor with a closed cooling system and an efficient pump. Under these conditions, this approach is safely suggested. This procedure is extremely easy to perform as no specific instrument is needed and it provides a product of good purity, below the detection limit of 1 H NMR, as shown by the corresponding spectrum in Figure 4 . Nevertheless, several drawbacks that may impact the overall time and energy consumption should also be pointed out. First of all, residence times at -18°C are quite long (> 12h); secondly, extraction should be repeated several times (here, we went up to three times) to increase the yield, which are below 80 %. Finally, it is of crucial importance to remove any bulk water before storing the solution. In fact, if this is not done, the actual precipitate is a water-rich sophorolipid precipitate that melts at room temperature.
Method 3: Double silica filtration. On the basis of silica column chromatography experience,
we propose here an adapted, fast and easy way to recover acidic sophorolipids. Experiments performed on a column are difficult to carry for large amounts (tens of grams) of compound.
We have found large loss in matter and relative purification efficiency. For this reason, we adapted the column principle to work in a classical beaker, much easier to manipulate. As The purification tests of hydrolyzed SL sample on bulk silica gel to remove hydrophilic impurities is shown on Figure 6 , where a CH2Cl2/CH3OH = 70/30 solvent mixture is used.
Sophorolipid concentration in the solvent is 50 mg/mL; to this, various amounts of silica gel have been added. Solution is stirred for 10 minutes, left at rest and analyzed both using 1 H NMR and HPLC. NMR spectra ( Figure 6) show that both the intensity of the resonance at Interestingly, one can clearly see that this procedure has no effect at all on filtering out the hydrophobic species, whose NMR signals at 0.92 ppm and 6.30-5.70 ppm and HPLC retention times between 34 and 40 min, refer to. On the contrary, the elimination of these compounds can be efficiently done using a bulk amounts of C18-modified silica powder.
Sample preparation is similar for the previous experiment except for the solvent mixture. In These tests indicate the good efficiency of the double silica-based treatment. Even if the advantage of changing solvents and substrates is to always keep sophorolipids in the liquid phase so to limit their adsorption/desorption, we still do experience a loss of SL-COOH in the process, as testified by the HPLC data (Figure 6b and Figure 7b) , where the SL signal in the 17.5-21.5 min region is also affected by the filtering process.
To quantify this procedure in terms of both recovered amount of sophorolipids and residual impurities, we have treated the same initial sophorolipid batch in a consecutive way starting from the hydrolyzed form of the as-provided compound. Since this is dissolved in an aqueous medium and to limit the number of overall steps, we prepared a 100 mg/mL solution from the hydrolyzed batch itself, where the solvent is constituted by a water/acetonitrile 90/10 mixture and used an overall volume of 100 mL, to which were added 5 g of C18-SiO2. This was stirred at room temperature and after about 30 min the silica phase was removed by filtration.
The aqueous liquid phase was removed under reduced pressure, being extremely careful to remove water. The solute was redissolved in about 400 mL of CH2Cl2/CH3OH -70/30, to which about 100 g of silica gel was added and filtered after the adsorption of the hydrophilic impurities. This is quite clear as for the most polluted solutions, which colours are brownish, one can clearly see an increase of transparency upon filtration, the darkest compounds being adsorbed on the solid phase. We found this part being the most critical step for this process,
given the large amount of silica employed. It is advisable to rinse the collected solid phase at least once or twice with an equivalent amount of the solvent mixture. Finally, all solvent fractions are grouped together and evaporated under reduced pressure.
This method has the advantage to provide an easy and fast way to recover an acidic sophorolipid compound but two main drawbacks must be outlined: the lower yield (about 50/60 %) and higher impurity with respect to the pentanol routes. The first point depends on the large amounts of silica gel employed, which retain part of the sophorolipid in solution.
The second point depends on the efficiency in terms of impurity adsorption for large amount of matter. Both of them could be improved by a better selection of the solvent mixtures, for instance. The typical spectra obtained for the compound before and after treatment are shown in Figure 8 . One can observe the drastic reduction in both the peak related to the hydrophilic and hydrophobic impurities, even if both are still observed and whose amount is estimated to be below 10 mol%. In the following table we highlight the advantages and disadvantages for each method presented above. All in all, the pentanol route is quite robust and it provides a rather pure, readily desalted, product. Nevertheless, we do not recommend using the pentanol extraction under reduced pressure in the absence of a well-equipped vacuum extraction system. The most practical and best way in terms of purity is undoubtedly the precipitation in a cold pentanol/alcane mixture, but this is a long way (several days) if one wants to obtain the highest yield possible. Finally, the double silica filtration is an interesting, very fast, method for immediate use, even if lower yields and residual impurities are higher with respect to the pentanol routes. For possible scale-up, further work must be done to develop these processes and reduce all inconvenients, thus maximizing yields and minimizing impurities. For instance, in the double silica extraction, one could try to adjust the polarity of the solvents and use optimized amounts of both silica gel and inversed silica phase. In the modified pentanol route, on the contrary, one could use a more efficient solvent combined to pentanol to reduce the precipitation times. Average yield Slightly larger amounts of impurities *= amount (in grams) of recovered sophorolipid powder with respect to the effective sophorolipid amount used. + Initial impurities: acetic acid: 20 mol%; fatty acid: 12 mol %. Calculation of impurities is done using 1 H NMR resonances δ= 1.96 (CH3COOH) and δ= 0.92 ppm (R-CH2-CH3) with respect to the given SL peak at δ= 2.06 ppm (R-CH2-CH2-COOH).
Method

Conclusion
This work has shown the possibilities offered by two alternative routes in the extraction process of acidic sophorolipids in a water solution after the base-catalyzed hydrolysis of the lactonic form in a commercial formulation. We initially detailed the classical pentanol extraction route, which consists of a hexane washing (to remove residual fatty acids) previous to solvent/solvent extraction at room temperature followed by the pentanol vacuum removal.
This process, almost quantitative and providing a good quality product, has several limitations and drawbacks to treat large amounts of matter (tens of grams): 1) manipulation of large amounts of solvents (pentanol, hexane); 2) need for a specific vacuum extraction setup for rapid and effective pentanol removal. In particular, the second point is the most limiting one to operate the extraction correctly and in the absence of a specific apparatus with a closed refrigerating system, the extraction can be extremely long and the product has good chances to be polluted with residual pentanol. Furthermore, esterification between pentanol and the COOH group of SL is possible if one rises the heating temperature to 60°C -70°C for several hours. To overcome these drawbacks, we have proposed two alternative routes. In the first one, one can perform a cold extraction by adding an alcane in a 1:1 v:v proportion to the SLcontaining pentanol solution. This method is very effective in terms of final purity as only acidic sophorolipids precipitate while all other hydrophobic impurities (e.g., fatty acids) remain in solution. This way should also avoid the need to pre-treat the raw sophorolipid mixture with hexane washing. Several problems are inherent to this approach: its length (up to several days for a quantitative extraction) and the presence of residual water bound to sophorolipids, which should be carefully removed before product filtration. Further development in terms of best co-solvent and careful bulk water removal could greatly help to overcome these points. In summary, this method is by far more practical and safer than the first one and it can be employed in any, non organic-chemistry specialized, environment.
Nevertheless, in the quest for a fast production, one can try the third approach that we propose, consisting in a double solid/liquid extraction on a C18-modified silica powder and normal silica gel. This method, adapted from column chromatography, can be developed here because of the little heterogeneity of the raw product after alkaline hydrolysis: hydrophilic compounds (e.g., acetic acid, minor impurities), hydrophobic molecules (fatty acids, if not removed in advance) and acidic sophorolipids of average hydrophilicity. This is a fast track approach with several drawbacks, that can probably be overcome with further process improvement. Due to undesired solid-phase adsorption of sophorolipids, this is by far the least quantitative method described so far and in spite of the designed choice of solid/liquid duo that allows to always keep sophorolipids in the liquid phase. So far, this method is also the least effective in terms of impurities removal (especially the most hydrophilic ones), even if the overall amount can be as low as 6%. On the contrary, this method employs volatile solvents easy to remove with a standard rotavapor apparatus. Finally, we also identify several points that one should consider for a successful extraction, such as the limitation in the hydrolysis temperature, which if too high it promotes the formation of hydrophilic impurities, the use of Soxhlet extraction to remove fatty acids at the end rather than at the beginning of the process, thus limiting the amount of employed hexane, the careful removal of bulk water from the pentanol mixture, use of low temperatures when working with pentanol to avoid esterification, etc…
In summary, we have shown multiple ways that one can follow to recover acidic sophorolipids, proposing the positive and negative aspects for each one and indicating how these methods could be developed further to overcome the drawback and, eventually, to end up with an up-scalable, highly performing, process.
